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Wednesday, February 11, 2015 569aThese complex LCRs tend to live longer and propagate farther via calcium-
induced-calcium release, thus occupying larger areas. Release events that
don’t share any intensity level with other events are calcium sparks that do
not live for a long time and do not propagate. Collisions and splits of LCRs
are handled as follows. When an LCR separates into different parts, all parts
are still considered part of the LCR. On the other hand, when an LCR collides
with another, the one with the weaker signal mass is considered dead and the
one with the larger signal mass takes its signal mass as its own. An LCR
may also die by stochastic attrition when all its components fade out.
Under voltage clamp, LCR areas and signal masses were paradoxically
smaller at larger Pup, likely reflecting uptake of cytosolic calcium before it
can propagate. Under spontaneous beating conditions, however, higher Pup
greatly increased diastolic LCR signal mass and beating rate as predicted
by the coupled-clock theory. Interestingly, the total integral of all LCRs
during diastolic depolarization in both cases remained almost the same as
longer integration time with smaller events is comparable to shorter time
with larger events.
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Spontaneous firing of sinoatrial node cells (SANC) is controlled by sarco-
plasmic reticulum (SR) generated local subsarcolemmal Ca2þ releases
(LCRs), which appear during diastolic depolarization (DD) and activate an in-
ward Naþ-Ca2þexchange current to regulate DD and SANC beating rate. We
have previously demonstrated that constitutive PLC activation is critical for
regulation of Ca2þ cycling and spontaneous beating of rabbit SANC. PLC
could be activated by multiple pathways, including the cAMP mediator,
Epac, or activation of EGFR. Activation of Epac signaling by cpTOME,
however, was without effect on the spontaneous SANC beating rate, ruling
this pathway out. Whether EGFR is present in rabbit SANC or involved in
the regulation of cardiac pacemaker function is unknown. Here we report
that both EGFR and PLC (assessed by RNA-sequencing) are expressed in
rabbit SANC. Specific EGFR inhibitor AG1478 decreased the DD rate and
spontaneous SANC beating rate (perforated patch-clamp recordings). Further-
more, EGFR inhibition by AG1478, in a time-dependent manner, suppressed
LCRs (confocal microscopy, Ca2þ indicator Fluo-3), i.e. decreased average
LCR’s size, number per each spontaneous cycle and prolonged the LCR period
(the interval between AP-induced Ca2þ transient and subsequent LCR); and
subsequently eliminated LCRs and abolished SANC firing. The time- depen-
dent increase in the LCR period in response to AG1478 predicted the concom-
itant increase in the spontaneous cycle length, suggesting that Ca2þ cycling
could be a major target of EGFR-PLC-dependent regulation of SANC firing.
All effects of AG1478 were reversible upon washout. We conclude that
basal EGFR-PLC-dependent regulation of SR Ca2þ cycling and LCR charac-
teristics represent novel mechanism to control normal automaticity of cardiac
pacemaker cells.
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The contribution of diastolic Local Calcium-Releases (LCRs) to sinoatrial-
node-cell pacemaker function is presently approximated by three numerical
models: 1)‘‘common-pool’’ (Maltsev-Lakatta,2009); 2)‘‘2D’’ (Anna Maltsev
et al.,2011-2013); 3)‘‘3D’’ (Stern et al.,2014). While the most advanced
3D-model describes stochastic states of each ryanodine receptor (RyR) and
L-type calcium-channel, its high computational demand prevents parametric
sensitivity analyses. Here we developed a new 3D-model having a lower
computational demand, but reproducing all essential features of calcium
dynamics measured in isolated rabbit SA node cells by SIM (achieving
approximately double the resolution of conventional microscopy). Our cell-
cross-section SIM measurements revealed that LCRs occur mainly within
~1 mm under the plasma membrane, in line with immunofluorescence
data on RyR cluster localization. Therefore, the model cell interior is approx-imated by only three layers of diffusively linked intracellular voxels: sub-
membrane (20 nm), ring (1 mm), and core cylinder. Each submembrane
RyR cluster is approximated as a Calcium-Release Unit (CRU) residing
within the respective junctional SR linked to free SR which pumps/collects
cytosolic calcium. Instead of assuming a fixed restitution period like prior
2D-models, the release activation and termination are controlled in each
CRU by local calcium-dependent mechanisms (based on RyR interactions
via Calium-Induced-Calcium-Release, reported recently). The new model
simulations are substantially faster (vs. the original 3D-model), but predict
all essential features of LCRs crucial for pacemaker rate autonomic modula-
tion. Thus, super-resolution SIM allowed fine localization of calcium-
dynamics and validated the new model of integrated cardiac pacemaker cell
function at the level of individual CRUs, filling an important niche between
individual-molecule-level detail and common pool models (lacking LCRs).
This new faster 3D-model allows parametric sensitivity analyses and provides
a new mechanistic formulation of CRU function that is important for multi-
scale modeling of heart function.
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A major postulate of a modern coupled-clock pacemaker-cell theory is based
upon electrochemical driving force for sodium and calcium (ENa and ECa).
However, [sodium] gradients and their changes induced by glycosides (inhib-
iting sodium/potassium-ATPase) have never been measured. We measured
time-dependent changes in intracellular [sodium](Nai), [calcium](Cai),
and action-potentials (AP) [using Sodium-Binding-Benzofuran-Isophthalate
(SBFI), Indo-1, and perforated patch-clamp, respectively] induced by cardiac
glycosides (digoxegenin, 10mM) in single, isolated rabbit sinoatrial node
cells. During 5 minutes of drug application spontaneous AP firing rate under-
went biphasic changes, i.e. an increase followed by a decrease. During this
time Nai monotonically increased from 8.550.6 mM to 13.151.1 mM
(n¼7 cells). The diastolic Cai also monotonically increased 12456 nM to
149511 nM (n¼5). This Cai increase and biphasic drug effect on AP firing
rate were closely reproduced by a coupled-clock Maltsev-Lakatta model sim-
ulations when the experimentally measured Nai time course was included
in the model as an independent parameter. Model simulations also repro-
duced the initial AP rate increase via a moderate Cai increase (predicted
by the model and validated by our Cai measurements). Specifically, when
more cell calcium is available for pumping and release, it boosts the calcium
clock, driving membrane clocks and the entire coupled-clock system.
According to model predictions, subsequent marked increases in Nai and
Cai collapse ENa and ECa and lead to AP rate decrease and dysrhythmic
beating as sodium/calcium-exchanger current decreases, resulting in
clock uncoupling. Thus, our results not only explain the complex glycoside
effects on pacemaker cell AP-firing rate, but also provide new evidence
supporting the idea that the normal automaticity of SANC emerges from
coupled-clock functions, i.e. Cai and membrane ionic currents, that are
controlled by sodium and calcium gradients to regulate sodium/calcium-
exchanger current.
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A modern view on regulation of cardiac pacemaker cell function postulates
that local calcium releases (LCRs) contribute to diastolic depolarization via
electrogenic sodium/calcium exchanger. An unresolved problem, however,
remains: how intrinsically stochastic and heterogeneously distributed release
channels (RyR) generate a strong, synchronized ensemble LCR signal and
how this signal is effectively regulated by autonomic system to insure pace-
maker rate flexibility.
We measured calcium dynamics by a high-speed camera in isolated, single
rabbit sinoatrial node cells (SANC) and assessed the kinetics of local
calcium-pumping synchronization by examining the distributions of time
570a Wednesday, February 11, 2015constants (t) of calcium-transient decay among cell neighborhoods at baseline
and during stimulation of either beta-adrenergic receptors or cholinergic
receptors.
Beta-adrenergic receptor stimulation (isoproterenol) not only decreased cycle
length (CL) and average t vs. baseline, but also decreased the standard devia-
tion (SD) of all t’s across all neighborhoods, suggesting a shift into a less
heterogeneous, i.e. more synchronized calcium pumping throughout SANC.
Conversely, cholinergic receptor stimulation (carbachol) not only increased
CL and average t vs. baseline, but also increased the local SD(t), suggesting
a shift into a more heterogeneous, i.e. less synchronized calcium pumping
within SANC. Furthermore, on a beat-to-beat basis, the relationship between
either t or SD(t) and CL was linear under both baseline conditions and auto-
nomic stimulation.
Conclusions: The degree of heterogeneity of local calcium pumping is a new
universal factor that affects the CL and insures effective rate and rhythm
regulation of the coupled-clock pacemaker system via autonomic modulation.
More synchronized and faster calcium pumping is presumably achieved via
phospholamban phosphorylation and allows cell neighborhoods to reach
the calcium release threshold quicker and more synchronously, thereby syn-
chronizing LCRs and amplifying their ensemble diastolic signal, accelerating
pacemaker rate.
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A beating heart must balance energy consumption with production. This
balance requires cellular ATP production to respond dynamically to changes
in cardiac output and energy demand. While it is well understood that mito-
chondrial oxidative phosphorylation serves as the primary pathway for ATP
production in heart, the mechanisms that govern the regulation of mitochon-
drial metabolism remain unclear. Calcium (Ca2þ), specifically Ca2þ in the
mitochondrial matrix ([Ca2þ]m), has been implicated as a likely signaling
pathway for this regulation. [Ca2þ]m has been suggested to regulate nearly
every stage of mitochondrial metabolism including the activity of the tricarbox-
ylic acid cycle (TCA) via Ca2þ-sensitive dehydrogenases (DHOs), critical
proteins in the electron transport chain (ETC), and even the F1/F0 ATP synthase
itself. Here we expand our local control mathematical model of excitation-
contraction coupling in mouse heart to investigate excitation-metabolism
coupling. The model features mechanistic initiation and termination of Ca2þ
sparks and cytosolic Ca2þ ([Ca2þ]i) transients in a system that maintains
sarcoplasmic reticulum (SR) Ca2þ pump/leak balance. Mitochondrial Ca2þ up-
take and export is simulated using experimentally constrained formulations
of the mitochondrial Ca2þ uniporter (MCU) and the mitochondrial sodium/
Ca2þ exchanger (NCLX). The model employs key mechanisms of ATP con-
sumption (i.e. SR Ca2þ ATPase and myosin ATPase) and buffering (phospho-
creatine) as well as a Ca2þ dependent model for mitochondrial ATP generation.
We investigated mitochondrial Ca2þ dynamics at physiological pacing fre-
quencies for mouse heart and show that changes in ATP consumption can be
translated to increased energy production through [Ca2þ]m signals. Our model
provides new insights into mitochondrial Ca2þ dynamics and how these
[Ca2þ]m signals may function to preserve energy homeostasis in the face of
increased demand.
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Endolysosomal Ca2þ homeostasis is implicated in several diseases and controls
many endolysosomal functions. A key to understanding endolysosomal Ca2þ
signaling to understand the function of the newly discovered endolysosomal
PI(3,5)P2-regulated two-pore channels (TPCs) and their potential activation
by NAADP. Our recent work concluded that the lysosomal TPC2 function as
a NAADP and PI(3,5)P2-activated channel regulated by cytoplasmic Mg
2þ.
The properties and gating of the mostly endosomal TPC1 are not known.
Recording whole-organelle currents of enlarged endosomes expressing GFP-
TPC1, we discovered that TPC1 is potently activated by PI(3,5)P2 and
NAADP. Moreover, PI(3,5)P2 facilitates TPC1 activation by NAADP. Unlike,
TPC2, the activity of TPC1 showed poor inhibition by Mg2þ. Most notably, the
concentration dependence of activation of TPC1 and TPC2 by NAADP are
remarkably different. While activation of TPC2 by NAADP followed normal
saturation dependence with no sign of inhibition by high NAADP concentra-
tion, activation of TPC1 by NAADP followed a bell shaped dependency,
resembling the NAADP-mediated Ca2þ release in intact cells. These findingsprovide the first direct evidence for gating of TPC1 by NAADP and indicate
that endosomal, rather than lysosomal, Ca2þ release is the key trigger Ca2þ
pool that sensitizes the IP3-mediated Ca
2þ release from the ER. The interaction
between TPC1-expressing endosomes and the ER are being examined.
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Mitochondrial Ca2þ is regulated by Ca2þ transport proteins in the mitochon-
drial inner membrane. Among these are the mitochondrial calcium uniporter
(MCU), a Ca2þ channel responsible for most Ca2þ uptake in mitochondria,
and NCLX, a Naþ/Ca2þ exchanger, mediating Ca2þ release to the cytosol.
After more than five decades of intensive study, the MCU gene was finally
cloned in 2010. Strikingly, MCU-KO mouse, whose mitochondria lose
>90% Ca2þ uptake capacity, was born normally with very mild phenotype
and only slight reduction of mitochondrial Ca2þ. How does the animal maintain
normal physiology without MCU, which is highly conserved and tightly regu-
lated in most eukaryotes?
To address this issue, we use an MCU-KO HEK293T line as our model system.
Consistent with animal experiments, these cells have normal mitochondrial
morphology, matrix [Ca2þ], and ATP production via oxidative phosphoryla-
tion. Interestingly, we observed a slow Ca2þ uptake in MCU-KOmitochondria,
operating at 5-10% of the MCU capacity, resistant to a potent MCU inhibitor
Ru360. Furthermore, these mitochondria lose Naþ-dependent Ca2þ release,
due to decreased expression of the NCLX protein. We therefore propose that
mitochondria compensate the loss of MCU by invoking a backup Ca2þ uptake
mechanism, and by suppressing Ca2þ release. Supporting this hypothesis, we
show that expressing NCLX in MCU-free mitochondria drastically reduces
matrix [Ca2þ], and abolishes >80% ATP output. Moreover, overexpression
of WT-NCLX, but not a loss-of-function mutant S468A-NCLX, induces rapid
death of MCU-KO cells.
We’re now investigating how mitochondria invoke these compensatory
mechanisms. Naþ/Ca2þ exchange can be restored by introducing human
MCU gene into MCU-KO cells, but not by expressing transport-capable
MCU homologues from A. thaliana or D. Discoideum, implicating that
mitochondria might balance Ca2þ uptake and release through an MCU-
NCLX interaction that stabilizes inner-membrane expression of NCLX.
Nucleo-Cytoplasmic Transport
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All cells dynamically sense their environment through signal transduction
mechanisms, allowing them to respond to environmental changes at the genetic
level. The glucose sensory mechanism in Sacchoromyces cerevisiae is a model
system of signal transduction. It uses the multi-copy inhibitor of the GAL gene
expression Mig1 protein to repress unwanted genes in the presence of elevated
level of extracellular glucose. In wild-type cell strains, and in genetically
and biochemically impaired signal transduction phenotypes, we have fluores-
cently labelled the Mig1 protein with the green fluorescent protein GFP via
chromosomal integration at native levels of expression, in addition to the
RNAP nuclear reporter protein Nrd1 with the red fluorescent protein mCherry.
[1] Using millisecond dual-color fluorescence excitation with Slimfield
microscopy, [2] we track the fate of single molecules of Mig1 in live yeast cells
at millisecond timescales. We present data showing a consistent difference be-
tween confined, high stoichiometry assemblages of bound Mig1 in the nucleus
and freely diffusing single Mig1 molecules across the entire cell as well as more
complex behavior in Mig1 traversing the nuclear membrane. The mobility and
stoichiometry distribution of Mig1 assemblages we observe is functionally
dependent on the signal transduction pathway and the concentration of extra-
cellular glucose, allowing us to directly observe gene regulatory events.
1. Bendrioua, L. et al. Yeast AMP-activated Protein Kinase Monitors Glucose
Concentration Changes and Absolute Glucose Levels. J. Biol. Chem. 289,
12863-75 (2014).
2. Reyes-Lamothe, R., Sherratt, D. J. & Leake, M. C. Stoichiometry and archi-
tecture of active DNA replication machinery in Escherichia coli. Science 328,
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